Refinement of the diffraction data at 2.5A
. The crystal structure analysis of yeast tRNAPhe has been made possible by the observation that the addition of spermine to yeast tRNAPhe produces crystals that yield diffraction patterns of nearly 2-A resolution (5, 6) . In contrast, virtually all other tRNA crystals have somewhat disordered crystal lattices (7) . The ordered yeast tRNAPhe lattice has made possible the elucidation of the structure of this molecule in both orthorhombic (8) and monoclinic crystal forms (9, 10) . We have continued to study the structural details of yeast tRNAPhe in the orthorhombic lattice by the use of refinement procedures. The present refinement of the structure has produced a very good agreement between the observed and calculated data. Consequently, from the differences between the calculated and observed diffraction data, we can visualize the remaining components in the electron density map. This has allowed us to identify portions of electron density that we have interpreted as belonging to spermine and magnesium ions as well as some probable water sites. Two spermine molecules and four magnesium ions have been identified, and several additional tentative sites have been observed. The positions of both the spermine and magnesium in different parts of the tRNA molecule have lead to the conclusion that these cations both play a significant role in stabilizing the three-dimensional folding of the molecule. These observations suggest possible roles for these ions in modifying the biological activity of tRNA molecules during protein synthesis.
METHODS
Refinement of the yeast tRNAPhe structure had been previously accomplished by a real space refinement procedure in which rigid constraints are applied to the bond angles and bond lengths 64 of the molecular model being refined (11) . This procedure produced a reasonable model with a residual error (R value) of 28% at 2.5-A resolution, but there were still a number of minor errors in geometry. Difference electron density maps calculated at this stage indicated a number of possible solvent and ion sites, but the noise level was too high and the shapes were too ill-defined to make reliable identifications. An alternative refinement procedure was then adopted, using a reciprocal-space least-squares fitting with weighted rather than rigid constraints on bond distances and angles of the model structure.
An early version of this procedure was described by J. Konnert (12) , and it has been extended and extensively applied by W. Hendrickson to include temperature factor, planarity, and nonbonded restraints. The refinement procedure was carried out with W. Hendrickson and will be described in detail elsewhere. At present, our refinement has a residual of 22% at 2.5-A resolution, with variations in bond distances and angles comparable to those found in small molecule structure studies.
After refinement, a difference electron density map was calculated. This map is quite clear and all electron density peaks of height greater than four a have been interpreted. Depending upon their shape, they have been assigned to spermine (elongated density), to hydrated magnesium ions (irregular spheres of density), or to solvent water molecules (small isolated spheres). Octahedral magnesium hydrates (Mg...O is 2.0 A) are distinguished from tetrahedral water hydrates. No cacodylate ions from the buffer (5) are found in the crystal lattice, in agreement with the Raman spectrum (13) . Hydrated sodium ions are 0.8 A larger in diameter then the magnesium hydrate; we cannot rule out the presence of sodium in some of the observed electron density peaks.
The atomic positions of the assigned spermine and magnesium hydrates were refined initially for each ion alone. The total structure, including ions and solvent, was then refined. Use The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. b tom part of the hooked region of the spermine extends across the major groove of the double helix, with a sharp bend occurring at the lower NH2+ group that is within 3.2 A of 06 of G42. The elongated chain then travels more or less along the groove of the double helix. The upper NH2+ group of the spermine is close to phosphate 23, while the upper NH3+ group is within hydrogen bonding distance of phosphate 44. In this conformation, the spermine appears to be hydrogen bonding to four different phosphate residues on both sides of the deep groove of the double helix.
This spermine molecule has a noticeable effect on the orientation of the anticodon stem. Because of the concentration of positive charges in the major groove, the negatively charged phosphate groups on the opposite sides of the major groove are drawn together. For example, the average distance between phosphates on opposite sides of the major groove at the spermine site is 8.6 A. This should be compared with an analogous distance across the deep groove in the acceptor-T'C stem of about 12 A. Thus, the spermine residue seems to bring the two strands together, about 3 A closer than they would be in the absence of the spermine. The helix axes of the acceptor stem and the T'C stems are approximately colinear; but the helix axis of the anticodon stem deviates approximately 250 from the axis of the D stem. One factor associated with this bend is the propeller twisting of the paired bases A44 and m22G26. However, the presence of a polycation in the deep groove of the double helix undoubtedly makes a major contribution to this bend.
A magnesium ion is located in the upper part of the anticodon loop (Fig. 2) . The difference electron density map (Fig. 2a) shows a number of lobes that are due to the coordinated water molecules. This magnesium ion has one oxygen of phosphate 37 in its coordination sphere, and the other five oxygen atoms of the coordination sphere are water molecules. The hydrogen bonding scheme of the water molecules in this and other magnesium coordination spheres is similar to that described by Holbrook et al. (14) . Although there is octahedral coordination, Fig. 2b shows that the final refined positions of the water molecules produce a somewhat distorted octahedron. The water molecules are hydrogen bonding to residues Y37, A38, '39, and C32. This particular coordination of the magnesium ion in the anticodon loop is specific for yeast tRNAPhe. However, it is likely that magnesium ions will also be found in the anticodon loops of other tRNAs, using only slight modifications of the present coordination geometry.
Variable Loop and the PIO Bend. There is a sharp bend in the polynucleotide chain that occurs at residue 10 at the beginning of the D stem. This is the region of the molecule at which two nucleotides, 8 and 9, serve to join the acceptor stem with the D stem. Phosphate 10 is also close to the extra loop nucleotides, only 7.2 A from phosphate 47. This is a very close contact between phosphate groups from different segments of the polynucleotide chain. The second spermine molecule has a conformation in which it is more or less wrapped around phosphate 10 such that it is interposed between that chain and the chain of the extra loop (Fig. 3) . The upper NH2+ group in the middle of the chain is within hydrogen bonding distance of the oxygen atoms of phosphate 47 and it is only a slightly larger distance from the oxygen atoms of phosphate 10. The upper NH3+ group is close to phosphate 9, although not quite in hydrogen bonding contact. The lower NH2+ group of the spermine is close to phosphate 46, while the bottom NH3+ group may be hydrogen bonding with two of the oxygens of ribose 45. The spermine effectively interposes a string of positive charges which neutralize the extended interaction of the two polynucleotide chains involving phosphates 9, 10, and 11 of one chain and phosphates 47, 46, and 45 of the other.
The magnesium ion in Fig. 3 is hydrogen bonding through its coordination sphere to the four phosphates 8, 9, 11, and 12.
It is thus acting in a manner similar to the neighboring spermine residue but in this case neutralizing the charge associated with the very sharp turn of the polynucleotide chain. This magnesium ion is close to the site of one of the samarium ions that replaced it and was useful in solving the tRNA structure (8) turn in this region and a similar ion is likely to be found in other tRNA structures. Indeed, it would be difficult to imagine such a tightly folded turn of the polynucleotide backbone without neutralization by a cation in that position.
The D Loop. Two magnesium ions are found coordinated to three successive phosphate groups-19, 20, and 21. One magnesium ion has two oxygens from phosphates 20 and 21 in its primary coordination shell. Furthermore, one coordinated water molecule hydrogen bonds to a phosphate oxygen of residue 17 from a neighboring molecule in the crystal lattice. This is an important interaction in stabilizing the 2-fold screw axis found in both orthorhombic and monoclinic crystals (5, 6) . A second magnesium ion is coordinated with an oxygen from phosphate 19 . Water molecules in its coordination shell make hydrogen bonds with bases G20 and U59 as well as with C56 from another molecule, which further stabilizes the same screw axis packing. This latter magnesium ion can also be replaced by a samarium ion (8) . These two magnesium sites as well as the magnesium near phosphates 8, 9, 11, and 12 are also found in the monoclinic crystal form of yeast tRNAPhe (15) .
Other Peaks. Accumulations of electron density are found in a few other regions of the difference map, but they are not sufficiently characteristic to allow identification at the present time. There is a diffuse peak near the bases of residues 52 and 53 and ribose of residue 58. Unlike the other difference peaks, it does not have a readily identifiable coordination sphere and we are not certain of its identity. It could be a magnesium ion, but it could also be ordered water. In addition, there are a series of three smaller, fairly discreet peaks in a row and two other isolated peaks. These are shown in the diagram in Fig. 4 . At present, we are inclined to regard these as isolated solvent water molecules, but the final interpretation will have to await the results of even further refinement. DISCUSSION As noted above, the spermine of Fig. 1 seems to hold the two opposite ribose phosphate backbones closer together. This is likely to be a significant factor in the 250 deviation from colinearity between the D stem and anticodon stem. In effect, the spermine has produced a bend in the double helix. Because of the long lever arm of the anticodon stem and loop, the actual movement of the anticodon bases induced by the binding of the spermine at this site would be around 10 A when the helix axis deviates from the linearity that might otherwise be found. The anticodon conformation is further stabilized by the magnesium ion, which coordinates through water to four bases in the anticodon region. Both the spermine and magnesium binding could be common to all tRNAs, though with modified magnesium coordination in other tRNAs. Both ligands have the effect of substantially immobilizing the anticodon end of the molecule.
It is interesting to consider whether such stabilization has some relevance in terms of the movementof the tRNA molecule within the ribosome during protein synthesis. As aminoacyl tRNA enters the ribosome, it may have spermine and magnesium ions bound to it. It is possible that such a stabilization of the anticodon end could facilitate the initial positioning of the aminoacyl tRNA in the A (aminoacyl) site of the ribosome. However, if translocation of the tRNA from the ribosomal A site to the P (peptidyl) site is associated with a conformational change in the anticodon stem and loop, the ribosomal apparatus might accomplish this change by removal of the spermine and magnesium ion from the anticodon end. The stimulatory effect of spermine or other polyamines on protein synthesis in vitro has been well documented (1) (2) (3) . However, further experimentation will be needed to fully assess the role of polyamines in ribosomal activities.
A number of studies have been carried out on the effect of spermine on aminoacyl-tRNA synthetase activity (1) (2) (3) Fig. 3 . In Escherichia coli tRNA with 4-thio-U in position 8, varying spermine and magnesium concentrations modifies the 4-thio-U fluorescence and its ability to form the UV photo crosslink (19) . Further, the two ions together are more active than either ion alone. Because U8 is near both ions (Fig. 3) , it is reasonable to believe that they can act synergistically in inducing a folding together of the tRNA chain. It is interesting that spermidine is somewhat more effective than spermine, suggesting it may more readily be accommodated in the site near P10. As shown in Fig. 3 , the lower NH3+ does not seem specifically involved in charge neutralization.
The magnesium ions binding to phosphates [19] [20] [21] have both intramolecular and intermolecular coordination. They contribute to the stability of the packing around the 2-fold screw axis, which is an important crystallographic feature of both the orthorhombic and monoclinic crystal forms of yeast tRNAIhe (9, 11 There has been discussion of the "tightly bound" magnesium ions, which can be removed from tRNA only with difficulty.
It has been estimated that there are two to six magnesium ions in that category (1) (2) (3) (21) . Addition of spermine up to three per yeast tRNAPhe molecule induced gains of nuclear magnetic resonance intensity, but there were no further effects beyond that (20) . In this laboratory, together with A. Geller, we have studied the binding of radioactive spermine to orthorhombic crystals of yeast tRNAPhe and found three to four spermine molecules tightly bound per tRNA molecule (unpublished results). These amounts of binding are all generally consistent with the results of the crystallographic analysis.
In yeast tRNAPhe, electrostatic charge is neutralized either by individual point charges as with magnesium ions or by extended charges as with spermine. The magnesium point charges seem to be most useful in stabilizing portions of the molecule where there is a sharp folding of the polynucleotide chains, as in the loop regions. The extended polyamines play a slightly different role, neutralizing charges that are found over an extended region and make it possible for two portions of the polynucleotide chain to come together. As further macromolecular nucleic acid structures are solved, we expect that other examples will be found demonstrating the various ways in which nature uses both discreet and extended cationic structures to maintain the three-dimensional conformation of the nucleic acids.
